In opposed-piston, opposed-cylinder (OPOC) two-stroke diesel engines, the relative movement rules of opposed-pistons, combustion chamber components and injector position are different from those of conventional diesel engines. In this study, the combustion and emission characteristics of the OPOC which is equipped with a common-rail injection system are investigated by experimental and numerical simulation. Different split injection strategies involving different pilot injection/fuel mass ratios and injection intervals were compared with a single injection strategy. The numerical simulation was applied to calculate and analyze the effect of split injection strategies on the combustion and emission after validation with the same experimental result (single injection strategy). Results showed that using split injection had a significant beneficial effect on the combustion process, because of the acceleration effect that enhances the air-fuel mixture. Additionally, the temperature of the split injection strategies was higher than that of single strategy, leading to the nitrogen oxides (NO x ) increasing and soot decreasing. In addition, it has been found that the split injection condition with a smaller pilot injection/fuel mass ratio and a medium injection interval performed better than the single injection condition in terms of the thermo-atmosphere utilization and space utilization.
Introduction
Facing the energy crisis and environmental pollution, researchers and manufacturers have studied effective energy-saving and emission reduction methods for diesel engines. Meanwhile, they have focused their study on advances in high-efficiency, low-emission and new types of diesel engines [1] [2] [3] . The unique engine structure of opposed-piston, opposed-cylinder (OPOC) two-stroke engines gives them the advantages of improved fuel efficiency and power density over conventional diesel engines, and balances performance [4, 5] . The OPOC engine concept consists of two types of engine. One is the opposed-piston engine, known as the opposed-piston two-stroke (OP2S) diesel engine, which is known for its high power density and high efficiency and low indicated-specific fuel consumption [6] . Compared with conventional diesel engines, the OP2S diesel engine removes the cylinder head and valve, thus making the engine structure simple and lightweight; additionally, heat loss is lower because OP2S has no cylinder head, which increases thermal efficiency [4] . At the same time, the stroke is divided between two pistons reciprocating in the same cylinder, which enables a higher crankshaft injection parameters-the injection interval of split injection and the quantity of injection fuel-on the combustion and emission characteristics in an OPOC engine with a common-rail injection system. The detailed explanation and definition for split injection strategies are described in Section 3 and the numerical results for the combustion were first validated against the experimental results and then further used for split injection investigation. These results were used to conduct a comparison and analysis of the combustion and emission characteristics under various split injection conditions.
Engineering Configuration of the OPOC
As shown in Figure 1 , the OPOC engine architecture comprises only one crankshaft with two cylinders on opposite sides of the crankshaft; all the forces generated on the piston are transmitted to this one crankshaft. Due to the piston motion of the OPOC engine, two opposing injectors are mounted at the center of the cylinder wall for each cylinder. At the same time, each cylinder has gas ports, intake ports on one side, and exhaust ports on the other side. The intake ports are used to deliver fresh air into the cylinder, and the exhaust ports are used to deliver burned gas out from cylinder. Two pistons are placed in the horizontal liner; a combustion chamber is formed when two pistons move to the most closed position; as shown in Figure 2a . Regarding scavenging flow, the intake and exhaust pistons are distinguished from each other in their design. The intake piston is round and the exhaust piston has a shallow pit on the surface. Two injectors are placed on opposite sides of the cylinder liner, and the spray direction was shown in Figure 2b . results for the combustion were first validated against the experimental results and then further used for split injection investigation. These results were used to conduct a comparison and analysis of the combustion and emission characteristics under various split injection conditions.
As shown in Figure 1 , the OPOC engine architecture comprises only one crankshaft with two cylinders on opposite sides of the crankshaft; all the forces generated on the piston are transmitted to this one crankshaft. Due to the piston motion of the OPOC engine, two opposing injectors are mounted at the center of the cylinder wall for each cylinder. At the same time, each cylinder has gas ports, intake ports on one side, and exhaust ports on the other side. The intake ports are used to deliver fresh air into the cylinder, and the exhaust ports are used to deliver burned gas out from cylinder. Two pistons are placed in the horizontal liner; a combustion chamber is formed when two pistons move to the most closed position; as shown in Figure 2a . Regarding scavenging flow, the intake and exhaust pistons are distinguished from each other in their design. The intake piston is round and the exhaust piston has a shallow pit on the surface. Two injectors are placed on opposite sides of the cylinder liner, and the spray direction was shown in Figure 2b . . The x-y plane is the center plane of combustion chamber, the x-z plane being perpendicular to the x-y plane is the cutting plane of chamber. The direction of the x-axis is between the position of injector A to the position of injector B. The angle basing on the x-y plane, which is between the projection line projected by the injector spraying direction on the x-y plane to the direction of y-axis, is θ. The angle basing on the x-z plane, which is between the projection line projected by the injector spraying direction on the x-z plane to the direction of x-axis at the point of the position of injector, is 7 • .
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Experimental Setups
To investigate the effect of multiple injection strategies, the combustion and emission characteristics of OPOC diesel engine were measured and analyzed. Detailed specifications and dimensions of the OPOC engine are provided in Table 1 . The experimental apparatus consisted of a test engine, a fuel injection system, a dynamometer with control systems, and a combustion analyzer, as shown in Figure 3 . The engine load and speed were controlled using a direct-current (DC) dynamometer (WS1200F, HORIBA, Kyoto, Japan) system. The in-cylinder pressure was measured using a piezo-electric pressure transducer (PTX7517, GE Measurement & Control Solutions, Billerica, MA, USA) coupled to a charge amplifier (2854A111, Kistler, Winterthur, Switzerland), using a DAQ board (DEWE5000-CA, AVL, Graz, Austria) to measure ignition timing and phasing of the heat release. All tests were conducted under a constant engine speed of 2800 rpm, and the excess air coefficient was 3.4. The coolant and oil temperatures were maintained at 70 ± 1 • C, and the injection pressure of the test fuel was fixed at a constant pressure of 140 MPa. The detailed test conditions for experimental and numerical modeling are listed in Table 2 . In order to ensure the validity of the experimental data, all of the tests were repeated three times in each operating condition. 
To investigate the effect of multiple injection strategies, the combustion and emission characteristics of OPOC diesel engine were measured and analyzed. Detailed specifications and dimensions of the OPOC engine are provided in Table 1 . The experimental apparatus consisted of a test engine, a fuel injection system, a dynamometer with control systems, and a combustion analyzer, as shown in Figure 3 . The engine load and speed were controlled using a direct-current (DC) dynamometer (WS1200F, HORIBA, Kyoto, Japan) system. The in-cylinder pressure was measured using a piezo-electric pressure transducer (PTX7517, GE Measurement & Control Solutions, Billerica, MA, USA) coupled to a charge amplifier (2854A111, Kistler, Winterthur, Switzerland), using a DAQ board (DEWE5000-CA, AVL, Graz, Austria) to measure ignition timing and phasing of the heat release. All tests were conducted under a constant engine speed of 2800 rpm, and the excess air coefficient was 3.4. The coolant and oil temperatures were maintained at 70 ± 1 °C, and the injection pressure of the test fuel was fixed at a constant pressure of 140 MPa. The detailed test conditions for experimental and numerical modeling are listed in Table 2 . In order to ensure the validity of the experimental data, all of the tests were repeated three times in each operating condition. fixed second injection timing to specific timing, which is called the after top dead center (ATDC), and is −15 deg. For example, the split strategy of 5%-20 deg means the pilot injection quantity is 5% of the total mass and the injection interval is 20 deg. These values are taken from the start of injection (SOI) of the pilot injection (which is −35 deg ATDC) to the SOI of the main injection. Figure 4 shows the injection strategies for single and split injection. Split injection means that two injections have different injection quantities. The first injection (pilot injection) quantity is smaller than the second injection (main injection) quantity. They also have a different injection interval in terms of fixed second injection timing to specific timing, which is called the after top dead center (ATDC), and is −15 deg. For example, the split strategy of 5%-20 deg means the pilot injection quantity is 5% of the total mass and the injection interval is 20 deg. These values are taken from the start of injection (SOI) of the pilot injection (which is −35 deg ATDC) to the SOI of the main injection. 
Numerical Simulations

Computational Fluid Dynamics (CFD) Model and Setup
The AVL-Fire software was used to build the CFD model for the combustion and emission characteristics of various split injection conditions, which has been used to simulate the combustion process and the formation of emissions in an engine [22] . The computational mesh was created by Fame Engine. Both port and cylinder geometries were included in the simulation, as shown in Figure 5a . The size of the grid meshes-which were adopted in the whole domain-was approximately 1 mm, because the heat release rate (HRR) simulation results of the meshes smaller than 1 mm varied little, especially near the pre-mixed combustion peak of the HRR, where the error between case 1 mm and case 0.8 mm was 0.15%, as shown Figure 5b . The number of cells of intake port, exhaust port, and cylinder was 52,936, 56,655 and 357,404, respectively [18, 23] . The k   model was used to account 
Numerical Simulations
Computational Fluid Dynamics (CFD) Model and Setup
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Influence of Split Injection on NOx and Soot Emission
The amount of soot and NOx emission for different injection strategies are presented in Figure 9 . For the NOx emission, Figure 9a illustrates that the NOx emissions of the split injection strategies were greater than single injection, because the pilot injection provided higher in-cylinder temperature, as shown in Figures 7c and 8c , which was a contributing factor to the NOx formation. The NOx emission 
Influence of Split Injection on NO x and Soot Emission
The amount of soot and NO x emission for different injection strategies are presented in Figure 9 . For the NO x emission, Figure 9a illustrates that the NO x emissions of the split injection strategies were greater than single injection, because the pilot injection provided higher in-cylinder temperature, as shown in Figures 7c and 8c , which was a contributing factor to the NO x formation. The NO x emission increased with an increase in the mass of pilot injection, because greater pilot mass caused the in-cylinder temperature to increase. The NO x emissions from a 5% to 15% pilot injection/fuel mass ratios increased form 10 deg to 20 deg injection interval and reduced form 20 deg to 50 deg injection interval. The NO x emission of the 20% pilot injection/fuel mass ratios increased form 10 deg to 40 deg injection interval and decreased from 40 deg to 50 deg injection interval. Figure 9b illustrates that the soot emission of the split injection strategies was smaller than that for single injection, except for the case with 5%-10 deg pilot injection, which showed a higher soot emission, because the short injection interval of the pilot and main injection caused a long diffusion combustion phase, as can be seen in Figure 7b , which played an important role in the formation of soot [12] . The soot emission of the 5% pilot injection/fuel mass ratios reduced from 10 deg to 20 deg injection interval, then increased at the 30 deg injection interval and slightly reduced from 30 deg to 50 deg injection interval. As the pilot mass increased, the soot emission reduced; this was because a lower formation of soot and soot oxidation led to the reduction of soot emission. Meanwhile, the soot emission of 10% to 20% pilot injection/fuel mass ratios decreased as the injection interval between the pilot and main injection reduced. Figure 10 shows the temperature distributions of the single injection case and the five typical split injection strategies at −10 deg ATDC, −6 deg ATDC, and top dead center (TDC). Different temperature distributions in the cylinder were formed by different injection strategies, which was a vital factor for evaporation, mixture and emission of soot and NOx. For the single injection strategy at the −15 deg ATDC, two low temperature zones (LTZs) formed because of fuel evaporation. For the 5%-10 deg strategy, there were two LTZs and two higher temperature zones (HTZs) due to the pilot injection fuel oxidizing and releasing heat. With the fuel spraying, the LTZ was spread and passed through the HTZ. Thus, the HTZ provided a thermo-atmosphere that evaporated the fuel. For the 5%-20 deg strategy, there were two HTZs which were smaller than the 5%-10 deg strategy. As a result, the combustion temperature and pressure were lower, as shown in Figure 7 . For the 5%-30 deg strategy, the HTZs were near the center of chamber and far from the LTZs. Therefore, the thermoatmosphere utilization was worse. For the 10%-20 deg strategy, there were two HTZs and the entire chamber temperature was higher than the 5%-20 deg strategy due to more pilot injection fuel combustion. As a result, the temperature and pressure in the cylinder of the combustion were sufficiently high. Meanwhile, it was found that the entire chamber temperature of 20%-20 deg-with the largest HTZ at the center of chamber-was the highest. Thus, the fuel spray of the main injection evaporated and oxidized faster.
Analysis of the Mechanisms of the Split Injection Interactions
Temperature Field Results and Discussion
At −6 deg, for the impact of the pilot injection on the temperature distribution was observed more obviously. For the single injection, there existed two LTZs. For the 5%-20 deg strategy, the high temperature region covered the fuel spray. For the 5%-10 deg and 10%-20 deg strategy, the high Figure 10 shows the temperature distributions of the single injection case and the five typical split injection strategies at −10 deg ATDC, −6 deg ATDC, and top dead center (TDC). Different temperature distributions in the cylinder were formed by different injection strategies, which was a vital factor for evaporation, mixture and emission of soot and NO x . For the single injection strategy at the −15 deg ATDC, two low temperature zones (LTZs) formed because of fuel evaporation. For the 5%-10 deg strategy, there were two LTZs and two higher temperature zones (HTZs) due to the pilot injection fuel oxidizing and releasing heat. With the fuel spraying, the LTZ was spread and passed through the HTZ. Thus, the HTZ provided a thermo-atmosphere that evaporated the fuel. For the 5%-20 deg strategy, there were two HTZs which were smaller than the 5%-10 deg strategy. As a result, the combustion temperature and pressure were lower, as shown in Figure 7 . For the 5%-30 deg strategy, the HTZs were near the center of chamber and far from the LTZs. Therefore, the thermo-atmosphere utilization was worse. For the 10%-20 deg strategy, there were two HTZs and the entire chamber temperature was higher than the 5%-20 deg strategy due to more pilot injection fuel combustion. As a result, the temperature and pressure in the cylinder of the combustion were sufficiently high. Meanwhile, it was found that the entire chamber temperature of 20%-20 deg-with the largest HTZ at the center of chamber-was the highest. Thus, the fuel spray of the main injection evaporated and oxidized faster. At −6 deg, for the impact of the pilot injection on the temperature distribution was observed more obviously. For the single injection, there existed two LTZs. For the 5%-20 deg strategy, the high temperature region covered the fuel spray. For the 5%-10 deg and 10%-20 deg strategy, the high temperature region covered the whole fuel spray uniformly, because the main spray went through the HTZ and was heated uniformly. There existed a high temperature region at the surface of the intake piston. For the 5%-30 deg strategy, the high temperature occurred only in the head of the fuel spray due to the effect of the HTZ near the center of chamber. For the 20%-20 deg strategy, the whole fuel spray was also covered by the higher temperature.
Analysis of the Mechanisms of the Split Injection Interactions
Temperature Field Results and Discussion
At TDC, the split injection strategies had a larger HTZ than the single injection. For the 20%-20 deg strategy, the HTZ was largest among all the split strategies. As for the 10%-20 deg strategy, the HTZ was second. The HTZ of the 5%-20 deg strategy was the third largest, which was larger than that of the 5%-30 deg strategy. Finally, the 5%-10 deg was last. Although the maximum temperature value of the 5%-20 deg strategy was smaller than that of the 5%-30 strategy, the HTZ of the 5%-20 deg strategy was greater than that of the 5%-20 deg strategy. This is why the NO x emission of the 5%-30 deg strategy was smaller than that of the 5%-30 deg strategy.
Equivalence Ratio Field Results and Discussion
At −6 deg ATDC, the fuel distribution area of the 20%-20 deg strategy was the largest. The fuel distribution area of the 10%-20 deg strategy was second largest. The 5%-20 deg strategy was third largest. The 5%-10 deg strategy was smaller than 5%-20 deg strategy, and the 5%-30 deg was smaller than the 5%-10 deg strategy. The single injection strategy was smallest Figure 11 shows the equivalence ratio field of the six injection strategies at −10 deg ATDC and −6 deg ATDC. At −10 deg ATDC, the high equivalence ratio zones (HERZ)-in which the main injection fuel evaporated, mixed and spread with the in-cylinder air movement-of split injection strategies were larger than single injection strategy. This is because the thermo-atmosphere from the combustion of the pilot injection promoted the main injection fuel evaporation. For the single injection strategy, there were two HERZs due to two opposing injectors injecting simultaneously. For the 5%-10 deg strategy, we showed that there were two HERZs and two low equivalence ratio zones (LERZ) due to the complete and incomplete combustion products of the pilot injection fuel. The HERZs were larger than that of 5%-20 deg strategy and the 5%-30 deg strategy. The reason for this was that a better thermo-atmosphere utilization promoted the evaporation and diffusion of the main injection fuel. However, it was negative for the main injection combustion as the injection interval was too short for the main injection to contact with the air, hindering the well-mixing formation and leading to combustion deterioration and higher soot concentration. The space utilization deteriorated. For 5%-20 deg, although the thermo-atmosphere utilization became worse because of the LERZs being at the head of the main spray, there was enough time for air-fuel mixing. The space utilization became better. As for 5%-30 deg, the HERZs were smaller than in the 5%-20 deg strategy because the LERZs were near the center of the chamber, which slightly influenced the main injection. For the 10%-20 deg strategy, the HERZs were larger than the 5%-20 deg strategy due to the higher HTZs, as shown in Figure 9 , caused by the combustion of more pilot injection fuel. However, it was negative for the main injection combustion as the complete and incomplete combustion products of the pilot injection fuel remained near the center of chamber where the main air-fuel mixture process occurred. The space utilization became worse. The 20%-20 deg strategy was similar to the 10%-20 deg strategy, but was a slight difference in that one LERZ remained near the center of chamber due to the large momentum of pilot fuel accelerating pilot injection fuel movement, but the thermo-atmosphere still affected most areas of the chamber. The acceleration was observed first to interpret combustion performance and second to interpret NOx and soot emission. As shown in Figure 9a , for the same pilot injection/fuel mass ratio, the NOx emission first increased and then decreased with an increase in the injection interval, similar to the soot emission of 5% pilot injection/fuel mass ratio. One of the reasons for this was that the acceleration effect improved the air-fuel mixture for a medium injection interval. Figure 12 shows the velocity field contours for six injection strategies at −13 deg ATDC, −10 deg ATDC, and −6 deg ATDC. At −13 deg ATDC, the main injection only began. For the 5%-30 deg strategy, the velocity field was similar to that of the single strategy, because the fast movement of the piston forced the weaker down-flow field to disappear. For the 5%-20 deg strategy, the jet velocity was faster than 5%-30 deg strategy. Meanwhile, the overall velocity direction was still the same as that of the single injection strategy. As for 5%-10 deg strategy, the jet velocity was the fastest in the 5% pilot injection/fuel mass ratio strategies. Hence, it can be inferred that a short injection interval generates the acceleration effect. For the 10%-20 deg strategy, the jet velocity was faster than 5%-30 deg strategy, and the overall velocity direction was the same as that of the single injection strategy. However, for the 20%-20 deg strategy, the velocity field changed, and more eddies were formed near the center of the chamber and the wall of the piston. Additionally, the jet velocity was faster than the 10%-20 deg strategy. It can be concluded that the strategy with a shorter dwell time or a larger pilot injection/fuel mass ratio may produce the acceleration. At −10 deg ATDC, the jet velocity of the 5%-20 deg strategy was slightly faster than that of the others, similar to −6 deg ATDC. This is because the space utilization and the thermo-atmosphere utilization was better than other strategies, due to compensation from the acceleration effect. According to the simulation results, the acceleration effect-which caused a faster velocity of the main injection jet-was still observed clearly in an in-cylinder turbulent flow condition.
Velocity Field Results and Discussion
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10%-20 deg 20%-20 deg Figure 11 . Equivalence ratio fields. HERZ: high equivalence ratio zone, LERZ: low equivalence ratio zones.
The acceleration was observed first to interpret combustion performance and second to interpret NOx and soot emission. As shown in Figure 9a , for the same pilot injection/fuel mass ratio, the NOx emission first increased and then decreased with an increase in the injection interval, similar to the soot emission of 5% pilot injection/fuel mass ratio. One of the reasons for this was that the acceleration effect improved the air-fuel mixture for a medium injection interval. 
Summary of the Mechanisms of the Split Injection Interactions
In a shorter injection interval, the fuel sprayed around the area of the border of the chamber far away from the center of the chamber, as shown in Figure 11 (e.g., the 5%-10 deg case). The thermoatmosphere and the acceleration effect promoted more evaporation and ignition of main injection fuel, which led to a short ignition delay. The short ignition delay resulted in lower heat release rate peak and lower premixed combustion, as shown in Figure 7 . When the main injection fuel sprayed into the area of thermo-atmosphere, there was not enough time for the fuel enveloped by the thermoatmosphere to make contact with the air, and thus space utilization deteriorated, leading to a worse air-fuel mixture being formed. As a result, the combustion was incomplete and the soot concentration was higher. In a longer injection interval, the fuel sprayed around the area of the center of the chamber. Hence, the thermo-atmosphere promoted less evaporation and ignition of main injection fuel and the thermo-atmosphere utilization deteriorated, and there was no acceleration effect on the main injection (e.g., the 5%-30 deg case). This led to a long ignition delay, which resulted in higher heat release rate peak, and higher premixed combustion. When the main injection fuel moved into the thermo-atmosphere, the reduction of oxygen concentration by the thermo-atmosphere caused a higher soot concentration and a lower NOx concentration, as shown in Figure 9 .
In a larger pilot ratio, compared with the same injection interval, because the large moment of pilot fuel accelerated its movement, the pilot fuel moved to the area around the center of the chamber. However, the thermo-atmosphere of the larger pilot ratio still affected most areas of the chamber, as shown in Figure 11 (for example the 20%-20 deg case), which better promoted the evaporation and Figure 12 . Velocity fields.
The acceleration was observed first to interpret combustion performance and second to interpret NO x and soot emission. As shown in Figure 9a , for the same pilot injection/fuel mass ratio, the NO x emission first increased and then decreased with an increase in the injection interval, similar to the soot emission of 5% pilot injection/fuel mass ratio. One of the reasons for this was that the acceleration effect improved the air-fuel mixture for a medium injection interval.
In a shorter injection interval, the fuel sprayed around the area of the border of the chamber far away from the center of the chamber, as shown in Figure 11 (e.g., the 5%-10 deg case). The'thermo-atmosphere and the acceleration effect promoted more evaporation and ignition of main injection fuel, which led to a short ignition delay. The short ignition delay resulted in lower heat release rate peak and lower premixed combustion, as shown in Figure 7 . When the main injection fuel sprayed into the area of thermo-atmosphere, there was not enough time for the fuel enveloped by the thermo-atmosphere to make contact with the air, and thus space utilization deteriorated, leading to a worse air-fuel mixture being formed. As a result, the combustion was incomplete and the soot concentration was higher. In a longer injection interval, the fuel sprayed around the area of the center of the chamber. Hence, the thermo-atmosphere promoted less evaporation and ignition of main injection fuel and the thermo-atmosphere utilization deteriorated, and there was no acceleration effect on the main injection (e.g., the 5%-30 deg case). This led to a long ignition delay, which resulted in higher heat release rate peak, and higher premixed combustion. When the main injection fuel moved into the thermo-atmosphere, the reduction of oxygen concentration by the thermo-atmosphere caused a higher soot concentration and a lower NO x concentration, as shown in Figure 9 .
In a larger pilot ratio, compared with the same injection interval, because the large moment of pilot fuel accelerated its movement, the pilot fuel moved to the area around the center of the chamber. However, the thermo-atmosphere of the larger pilot ratio still affected most areas of the chamber, as shown in Figure 11 (for example the 20%-20 deg case), which better promoted the evaporation and combustion of the main injection fuel, and the ignition of the main injection fuel occurred earlier (as shown in Figure 8 ). The acceleration effect had a slight influence on the main injection. Although promoting the main combustion, the thermo-atmosphere consumed a large amount of oxygen. Meanwhile, the large pilot ratio released more heat, leading to a higher in-cylinder temperature. The main fuel sprayed into the thermo-atmosphere, in which the fuel was enveloped by the thermo-atmosphere and combusted immediately. As a result, the thermos constraint was formed, because the main injection fuel could not contact the air hindering the well-mixing formation and the combustion is deteriorated.
Atomization, evaporation and mixture are the main problems for OP engines. In this study, the pilot injected before the main injection, which provided thermo-atmosphere and acceleration to promote the evaporation of the main injection fuel and shorten the ignition delay of the main injection fuel. However, the pilot combustion also consumed a large amount of oxygen and the formation of ignitable mixture for main injection fuel consumed appropriate time, which had a great influence on the combustion process of the main injection fuel. Thus, these two pilot injection parameters should be considered when the split injection was optimized. According to the numerical results, the split injection strategy with a small pilot ratio and medium injection interval obtains the optimal effect. This strategy effectively utilizes the thermo-atmosphere and acceleration of the pilot injection. Contrarily, in a long injection interval, the main injection fuel cannot fully utilize the thermo-atmosphere and acceleration. In a short injection interval or a large pilot ratio, the main injection fuel better utilizes the thermo-atmosphere and acceleration, but cannot break through the thermo-atmosphere to mix with the air, and the main injection combustion deteriorates.
Conclusions
This study presented the results obtained from numerical investigation of the combustion and emission characteristics with split injection strategies at same operating points. The conclusions are summarized as follows:
The split injection strategy performs better in terms of the acceleration effect in OPOC diesel engine with short injection interval or the larger pilot injection/fuel mass ratio. If the pilot injection time is short enough or the pilot injection/fuel mass ratio is large enough, the pilot injection creates an acceleration effect for the main injection. Although a shorter injection interval helped to form the acceleration effect, it performed worse in terms of the space utilization and thermo-atmosphere utilization. Therefore, the shorter injection interval is not ideal.
The split injection strategy with either a small pilot injection/fuel mass ratio with medium injection interval or a larger pilot injection/fuel mass ratio performed better in terms of the thermo-atmosphere utilization and space utilization.
Compared to the single injection, an appropriate split injection strategy contributes to a reduction in soot emissions, but the emissions of NO x increase. The combustion pressure and temperature for the split injection is higher than that for the single injection.
